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Figure 4: Discovery data: Hubble diagram of SNe Ia measured by the Supernova
Cosmology Project and the High-z Supernova Team. Bottom panel shows residu-
als in distance modulus relative to an open universe with Ω0 = ΩM = 0.3. Figure
adapted from Perlmutter & Schmidt (2003), Riess (2000), based on Perlmutter
et al. (1999), Riess et al. (1998).

Subsequent supernova observations have reinforced the original results, and new
evidence has accrued from other observational probes. In this section, we review
these developments and discuss the current status of the evidence for cosmic
acceleration and what we know about dark energy. In §7, we address the probes
of cosmic acceleration in more detail, and we discuss future experiments in §8.

4.1 Cosmic microwave background and large-scale structure

An early and important confirmation of accelerated expansion was the indepen-
dent evidence for dark energy from measurements of CMB anisotropy (Jaffe et al.
2001, Pryke et al. 2002) and of large-scale structure (LSS). The CMB constrains
the amplitude of the primordial fluctuations that give rise to the observed struc-
ture as well as the distance to the last-scattering surface, r(z ≃ 1100). In order
to allow sufficient growth of the primordial perturbations and not disrupt the for-
mation of large-scale structure, dark energy must come to dominate the Universe
only very recently (see §2.3), implying that its energy density must evolve with
redshift more slowly than matter. This occurs if it has negative pressure, w < 0,
cf. Eq. (5). Likewise, the presence of a component with large negative pressure
that accounts for three-quarters of the critical density affects the distance to the
last-scattering surface.
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Cosmology Project and the High-z Supernova Team. Bottom panel shows residu-
als in distance modulus relative to an open universe with Ω0 = ΩM = 0.3. Figure
adapted from Perlmutter & Schmidt (2003), Riess (2000), based on Perlmutter
et al. (1999), Riess et al. (1998).

Subsequent supernova observations have reinforced the original results, and new
evidence has accrued from other observational probes. In this section, we review
these developments and discuss the current status of the evidence for cosmic
acceleration and what we know about dark energy. In §7, we address the probes
of cosmic acceleration in more detail, and we discuss future experiments in §8.

4.1 Cosmic microwave background and large-scale structure

An early and important confirmation of accelerated expansion was the indepen-
dent evidence for dark energy from measurements of CMB anisotropy (Jaffe et al.
2001, Pryke et al. 2002) and of large-scale structure (LSS). The CMB constrains
the amplitude of the primordial fluctuations that give rise to the observed struc-
ture as well as the distance to the last-scattering surface, r(z ≃ 1100). In order
to allow sufficient growth of the primordial perturbations and not disrupt the for-
mation of large-scale structure, dark energy must come to dominate the Universe
only very recently (see §2.3), implying that its energy density must evolve with
redshift more slowly than matter. This occurs if it has negative pressure, w < 0,
cf. Eq. (5). Likewise, the presence of a component with large negative pressure
that accounts for three-quarters of the critical density affects the distance to the
last-scattering surface.
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Figure 4. Hubble diagram for the Union2.1 compilation. The solid line represents the best-fit cosmology for a flat ΛCDM Universe for supernovae alone.
SN SCP06U4 falls outside the allowed x1 range and is excluded from the current analysis. When fit with a newer version of SALT2, this supernova passes the
cut and would be included, so we plot it on the Hubble diagram, but with a red triangle symbol.

Table 4
Assumed instrumental uncertainties for SNe in this paper.

Source Band Uncertainty Reference

HST WFPC2 0.02 Heyer et al. (2004)
ACS F850LP 0.01 Bohlin (2007)
ACS F775W 0.01
ACS F606W 0.01
ACS F850LP 94 Å Bohlin (2007)
ACS F775W 57 Å
ACS F606W 27 Å
NICMOS J 0.024 Ripoche et. al. (in prep), Section 3.2.1
NICMOS H 0.06 de Jong et al. (2006)

SNLS g, r, i 0.01 Astier et al. (2006)
z 0.03

ESSENCE R, I 0.014 Wood-Vasey et al. (2007)
SDSS u 0.014 Kessler et al. (2009)

g, r, i 0.009
z 0.010

SCP: Amanullah et al. (2010) R, I 0.03 Amanullah et al. (2010)
J 0.02

Other U -band 0.04 Hicken et al. (2009a)
Other Band 0.02 Hicken et al. (2009a)

dimmer

brighter
about 600 SNe

Bottom line:  
distant SNe appear dimmer  
than predicted in a Universe  
without DE,
the Universe has accelerated  
in the past 5 Gyr
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Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

D.Eisenstein, cmb.as.arizona.edu/~eisenste/acousticpeak/
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Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved
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Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved
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Figure 5. ΛCDM model: 68.3%, 95.4%, and 99.7% confidence regions of the (Ωm,ΩΛ) plane from SNe Ia combined with the constraints from BAO and
CMB. The left panel shows the SN Ia confidence region only including statistical errors while the right panel shows the SN Ia confidence region with both
statistical and systematic errors.

Figure 6. wCDM model: 68.3%, 95.4%, and 99.7% confidence regions in the (Ωm, w) plane from SNe Ia BAO and CMB. The left panel shows the SN Ia
confidence region for statistical uncertainties only, while the right panel shows the confidence region including both statistical and systematic uncertainties. We
note that CMB and SN Ia constraints are orthogonal, making this combination of cosmological probes very powerful for investigating the nature of dark energy.
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evolution in time

transition from radiation domination
to matter domination.

According to the big bang theory, the
energy of the universe used to reside
mainly in radiation. As the universe
cooled, however, the radiation lost en-
ergy faster than ordinary matter did. By
the time the universe was a few tens of
thousands of years old—a relatively
short time ago in logarithmic terms—
the energy balance had shifted in favor
of matter. This change marked the be-
ginning of the matter-dominated epoch
of which we are the beneficiaries. Only
then could gravity begin to pull matter
together to form galaxies and larger-
scale structures. At the same time, the
expansion rate of the universe under-
went a change.

In a variation on the tracker models,
this transformation triggered a series of
events that led to cosmic acceleration
today. Throughout most of the history
of the universe, quintessence tracked
the radiation energy, remaining an in-
significant component of the cosmos.
But when the universe became matter-
dominated, the change in the expansion
rate jolted quintessence out of its copy-
cat behavior. Instead of tracking the ra-
diation or even the matter, the pressure
of quintessence switched to a negative

value. Its density held nearly fixed and
ultimately overtook the decreasing mat-
ter density. In this picture, the fact that
thinking beings and cosmic acceleration
came into existence at nearly the same
time is not a coincidence. Both the for-
mation of stars and planets necessary to
support life and the transformation of
quintessence into a negative-pressure
component were triggered by the onset
of matter domination.

Looking to the Future

In the short term, the focus of cosmol-
ogists will be to detect the existence of

quintessence. It has observable conse-
quences. Because its value of w differs
from that of vacuum energy, it produces
a different rate of cosmic acceleration.
More precise measurements of super-
novae over a longer span of distances
may separate the two cases. Astronomers
have proposed two new observatories—
the orbiting Supernova Acceleration
Probe and the Earth-based Large-Aper-
ture Synoptic Survey Telescope—to re-
solve the issue. Differences in accelera-
tion rate also produce small differences
in the angular size of hot and cold spots
in the cosmic microwave background
radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be
able to detect.

Other tests measure how the number
of galaxies varies with increasing red-
shift to infer how the expansion rate of
the universe has changed with time. A
ground-based project known as the
Deep Extragalactic Evolutionary Probe
will look for this effect.

Over the longer term, all of us will be
left to ponder the profound implications
of these revolutionary discoveries. They
lead to a sobering new interpretation of
our place in cosmic history. In the begin-
ning (or at least the earliest for which we
have any clue), there was inflation, an
extended period of accelerated expan-
sion during the first instants after the big
bang. Space back then was nearly de-
void of matter, and a quintessencelike
quantum field with negative pressure
held sway. During that period, the uni-
verse expanded by a greater factor than
it has during the 15 billion years since in-
flation ended. At the end of inflation, the
field decayed to a hot gas of quarks, glu-
ons, electrons, light and dark energy.

For thousands of years, space was so
thick with radiation that atoms, let
alone larger structures, could never
form. Then matter took control. The
next stage—our epoch—has been one
of steady cooling, condensation and the
evolution of intricate structure of ever
increasing size. But this period is com-
ing to an end. Cosmic acceleration is
back. The universe as we know it, with
shining stars, galaxies and clusters, ap-
pears to have been a brief interlude. As
acceleration takes hold over the next
tens of billions of years, the matter and
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.

Copyright 2000 Scientific American, Inc.
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evolution in time

transition from radiation domination
to matter domination.

According to the big bang theory, the
energy of the universe used to reside
mainly in radiation. As the universe
cooled, however, the radiation lost en-
ergy faster than ordinary matter did. By
the time the universe was a few tens of
thousands of years old—a relatively
short time ago in logarithmic terms—
the energy balance had shifted in favor
of matter. This change marked the be-
ginning of the matter-dominated epoch
of which we are the beneficiaries. Only
then could gravity begin to pull matter
together to form galaxies and larger-
scale structures. At the same time, the
expansion rate of the universe under-
went a change.

In a variation on the tracker models,
this transformation triggered a series of
events that led to cosmic acceleration
today. Throughout most of the history
of the universe, quintessence tracked
the radiation energy, remaining an in-
significant component of the cosmos.
But when the universe became matter-
dominated, the change in the expansion
rate jolted quintessence out of its copy-
cat behavior. Instead of tracking the ra-
diation or even the matter, the pressure
of quintessence switched to a negative

value. Its density held nearly fixed and
ultimately overtook the decreasing mat-
ter density. In this picture, the fact that
thinking beings and cosmic acceleration
came into existence at nearly the same
time is not a coincidence. Both the for-
mation of stars and planets necessary to
support life and the transformation of
quintessence into a negative-pressure
component were triggered by the onset
of matter domination.

Looking to the Future

In the short term, the focus of cosmol-
ogists will be to detect the existence of

quintessence. It has observable conse-
quences. Because its value of w differs
from that of vacuum energy, it produces
a different rate of cosmic acceleration.
More precise measurements of super-
novae over a longer span of distances
may separate the two cases. Astronomers
have proposed two new observatories—
the orbiting Supernova Acceleration
Probe and the Earth-based Large-Aper-
ture Synoptic Survey Telescope—to re-
solve the issue. Differences in accelera-
tion rate also produce small differences
in the angular size of hot and cold spots
in the cosmic microwave background
radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be
able to detect.

Other tests measure how the number
of galaxies varies with increasing red-
shift to infer how the expansion rate of
the universe has changed with time. A
ground-based project known as the
Deep Extragalactic Evolutionary Probe
will look for this effect.

Over the longer term, all of us will be
left to ponder the profound implications
of these revolutionary discoveries. They
lead to a sobering new interpretation of
our place in cosmic history. In the begin-
ning (or at least the earliest for which we
have any clue), there was inflation, an
extended period of accelerated expan-
sion during the first instants after the big
bang. Space back then was nearly de-
void of matter, and a quintessencelike
quantum field with negative pressure
held sway. During that period, the uni-
verse expanded by a greater factor than
it has during the 15 billion years since in-
flation ended. At the end of inflation, the
field decayed to a hot gas of quarks, glu-
ons, electrons, light and dark energy.

For thousands of years, space was so
thick with radiation that atoms, let
alone larger structures, could never
form. Then matter took control. The
next stage—our epoch—has been one
of steady cooling, condensation and the
evolution of intricate structure of ever
increasing size. But this period is com-
ing to an end. Cosmic acceleration is
back. The universe as we know it, with
shining stars, galaxies and clusters, ap-
pears to have been a brief interlude. As
acceleration takes hold over the next
tens of billions of years, the matter and
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.
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evolution in time

transition from radiation domination
to matter domination.

According to the big bang theory, the
energy of the universe used to reside
mainly in radiation. As the universe
cooled, however, the radiation lost en-
ergy faster than ordinary matter did. By
the time the universe was a few tens of
thousands of years old—a relatively
short time ago in logarithmic terms—
the energy balance had shifted in favor
of matter. This change marked the be-
ginning of the matter-dominated epoch
of which we are the beneficiaries. Only
then could gravity begin to pull matter
together to form galaxies and larger-
scale structures. At the same time, the
expansion rate of the universe under-
went a change.

In a variation on the tracker models,
this transformation triggered a series of
events that led to cosmic acceleration
today. Throughout most of the history
of the universe, quintessence tracked
the radiation energy, remaining an in-
significant component of the cosmos.
But when the universe became matter-
dominated, the change in the expansion
rate jolted quintessence out of its copy-
cat behavior. Instead of tracking the ra-
diation or even the matter, the pressure
of quintessence switched to a negative

value. Its density held nearly fixed and
ultimately overtook the decreasing mat-
ter density. In this picture, the fact that
thinking beings and cosmic acceleration
came into existence at nearly the same
time is not a coincidence. Both the for-
mation of stars and planets necessary to
support life and the transformation of
quintessence into a negative-pressure
component were triggered by the onset
of matter domination.

Looking to the Future

In the short term, the focus of cosmol-
ogists will be to detect the existence of

quintessence. It has observable conse-
quences. Because its value of w differs
from that of vacuum energy, it produces
a different rate of cosmic acceleration.
More precise measurements of super-
novae over a longer span of distances
may separate the two cases. Astronomers
have proposed two new observatories—
the orbiting Supernova Acceleration
Probe and the Earth-based Large-Aper-
ture Synoptic Survey Telescope—to re-
solve the issue. Differences in accelera-
tion rate also produce small differences
in the angular size of hot and cold spots
in the cosmic microwave background
radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be
able to detect.

Other tests measure how the number
of galaxies varies with increasing red-
shift to infer how the expansion rate of
the universe has changed with time. A
ground-based project known as the
Deep Extragalactic Evolutionary Probe
will look for this effect.

Over the longer term, all of us will be
left to ponder the profound implications
of these revolutionary discoveries. They
lead to a sobering new interpretation of
our place in cosmic history. In the begin-
ning (or at least the earliest for which we
have any clue), there was inflation, an
extended period of accelerated expan-
sion during the first instants after the big
bang. Space back then was nearly de-
void of matter, and a quintessencelike
quantum field with negative pressure
held sway. During that period, the uni-
verse expanded by a greater factor than
it has during the 15 billion years since in-
flation ended. At the end of inflation, the
field decayed to a hot gas of quarks, glu-
ons, electrons, light and dark energy.

For thousands of years, space was so
thick with radiation that atoms, let
alone larger structures, could never
form. Then matter took control. The
next stage—our epoch—has been one
of steady cooling, condensation and the
evolution of intricate structure of ever
increasing size. But this period is com-
ing to an end. Cosmic acceleration is
back. The universe as we know it, with
shining stars, galaxies and clusters, ap-
pears to have been a brief interlude. As
acceleration takes hold over the next
tens of billions of years, the matter and
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.
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transition from radiation domination
to matter domination.

According to the big bang theory, the
energy of the universe used to reside
mainly in radiation. As the universe
cooled, however, the radiation lost en-
ergy faster than ordinary matter did. By
the time the universe was a few tens of
thousands of years old—a relatively
short time ago in logarithmic terms—
the energy balance had shifted in favor
of matter. This change marked the be-
ginning of the matter-dominated epoch
of which we are the beneficiaries. Only
then could gravity begin to pull matter
together to form galaxies and larger-
scale structures. At the same time, the
expansion rate of the universe under-
went a change.

In a variation on the tracker models,
this transformation triggered a series of
events that led to cosmic acceleration
today. Throughout most of the history
of the universe, quintessence tracked
the radiation energy, remaining an in-
significant component of the cosmos.
But when the universe became matter-
dominated, the change in the expansion
rate jolted quintessence out of its copy-
cat behavior. Instead of tracking the ra-
diation or even the matter, the pressure
of quintessence switched to a negative

value. Its density held nearly fixed and
ultimately overtook the decreasing mat-
ter density. In this picture, the fact that
thinking beings and cosmic acceleration
came into existence at nearly the same
time is not a coincidence. Both the for-
mation of stars and planets necessary to
support life and the transformation of
quintessence into a negative-pressure
component were triggered by the onset
of matter domination.

Looking to the Future

In the short term, the focus of cosmol-
ogists will be to detect the existence of

quintessence. It has observable conse-
quences. Because its value of w differs
from that of vacuum energy, it produces
a different rate of cosmic acceleration.
More precise measurements of super-
novae over a longer span of distances
may separate the two cases. Astronomers
have proposed two new observatories—
the orbiting Supernova Acceleration
Probe and the Earth-based Large-Aper-
ture Synoptic Survey Telescope—to re-
solve the issue. Differences in accelera-
tion rate also produce small differences
in the angular size of hot and cold spots
in the cosmic microwave background
radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be
able to detect.

Other tests measure how the number
of galaxies varies with increasing red-
shift to infer how the expansion rate of
the universe has changed with time. A
ground-based project known as the
Deep Extragalactic Evolutionary Probe
will look for this effect.

Over the longer term, all of us will be
left to ponder the profound implications
of these revolutionary discoveries. They
lead to a sobering new interpretation of
our place in cosmic history. In the begin-
ning (or at least the earliest for which we
have any clue), there was inflation, an
extended period of accelerated expan-
sion during the first instants after the big
bang. Space back then was nearly de-
void of matter, and a quintessencelike
quantum field with negative pressure
held sway. During that period, the uni-
verse expanded by a greater factor than
it has during the 15 billion years since in-
flation ended. At the end of inflation, the
field decayed to a hot gas of quarks, glu-
ons, electrons, light and dark energy.

For thousands of years, space was so
thick with radiation that atoms, let
alone larger structures, could never
form. Then matter took control. The
next stage—our epoch—has been one
of steady cooling, condensation and the
evolution of intricate structure of ever
increasing size. But this period is com-
ing to an end. Cosmic acceleration is
back. The universe as we know it, with
shining stars, galaxies and clusters, ap-
pears to have been a brief interlude. As
acceleration takes hold over the next
tens of billions of years, the matter and
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KEEPING TRACK
If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.
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transition from radiation domination
to matter domination.

According to the big bang theory, the
energy of the universe used to reside
mainly in radiation. As the universe
cooled, however, the radiation lost en-
ergy faster than ordinary matter did. By
the time the universe was a few tens of
thousands of years old—a relatively
short time ago in logarithmic terms—
the energy balance had shifted in favor
of matter. This change marked the be-
ginning of the matter-dominated epoch
of which we are the beneficiaries. Only
then could gravity begin to pull matter
together to form galaxies and larger-
scale structures. At the same time, the
expansion rate of the universe under-
went a change.

In a variation on the tracker models,
this transformation triggered a series of
events that led to cosmic acceleration
today. Throughout most of the history
of the universe, quintessence tracked
the radiation energy, remaining an in-
significant component of the cosmos.
But when the universe became matter-
dominated, the change in the expansion
rate jolted quintessence out of its copy-
cat behavior. Instead of tracking the ra-
diation or even the matter, the pressure
of quintessence switched to a negative

value. Its density held nearly fixed and
ultimately overtook the decreasing mat-
ter density. In this picture, the fact that
thinking beings and cosmic acceleration
came into existence at nearly the same
time is not a coincidence. Both the for-
mation of stars and planets necessary to
support life and the transformation of
quintessence into a negative-pressure
component were triggered by the onset
of matter domination.

Looking to the Future

In the short term, the focus of cosmol-
ogists will be to detect the existence of

quintessence. It has observable conse-
quences. Because its value of w differs
from that of vacuum energy, it produces
a different rate of cosmic acceleration.
More precise measurements of super-
novae over a longer span of distances
may separate the two cases. Astronomers
have proposed two new observatories—
the orbiting Supernova Acceleration
Probe and the Earth-based Large-Aper-
ture Synoptic Survey Telescope—to re-
solve the issue. Differences in accelera-
tion rate also produce small differences
in the angular size of hot and cold spots
in the cosmic microwave background
radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be
able to detect.

Other tests measure how the number
of galaxies varies with increasing red-
shift to infer how the expansion rate of
the universe has changed with time. A
ground-based project known as the
Deep Extragalactic Evolutionary Probe
will look for this effect.

Over the longer term, all of us will be
left to ponder the profound implications
of these revolutionary discoveries. They
lead to a sobering new interpretation of
our place in cosmic history. In the begin-
ning (or at least the earliest for which we
have any clue), there was inflation, an
extended period of accelerated expan-
sion during the first instants after the big
bang. Space back then was nearly de-
void of matter, and a quintessencelike
quantum field with negative pressure
held sway. During that period, the uni-
verse expanded by a greater factor than
it has during the 15 billion years since in-
flation ended. At the end of inflation, the
field decayed to a hot gas of quarks, glu-
ons, electrons, light and dark energy.

For thousands of years, space was so
thick with radiation that atoms, let
alone larger structures, could never
form. Then matter took control. The
next stage—our epoch—has been one
of steady cooling, condensation and the
evolution of intricate structure of ever
increasing size. But this period is com-
ing to an end. Cosmic acceleration is
back. The universe as we know it, with
shining stars, galaxies and clusters, ap-
pears to have been a brief interlude. As
acceleration takes hold over the next
tens of billions of years, the matter and
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ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.
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transition from radiation domination
to matter domination.

According to the big bang theory, the
energy of the universe used to reside
mainly in radiation. As the universe
cooled, however, the radiation lost en-
ergy faster than ordinary matter did. By
the time the universe was a few tens of
thousands of years old—a relatively
short time ago in logarithmic terms—
the energy balance had shifted in favor
of matter. This change marked the be-
ginning of the matter-dominated epoch
of which we are the beneficiaries. Only
then could gravity begin to pull matter
together to form galaxies and larger-
scale structures. At the same time, the
expansion rate of the universe under-
went a change.

In a variation on the tracker models,
this transformation triggered a series of
events that led to cosmic acceleration
today. Throughout most of the history
of the universe, quintessence tracked
the radiation energy, remaining an in-
significant component of the cosmos.
But when the universe became matter-
dominated, the change in the expansion
rate jolted quintessence out of its copy-
cat behavior. Instead of tracking the ra-
diation or even the matter, the pressure
of quintessence switched to a negative

value. Its density held nearly fixed and
ultimately overtook the decreasing mat-
ter density. In this picture, the fact that
thinking beings and cosmic acceleration
came into existence at nearly the same
time is not a coincidence. Both the for-
mation of stars and planets necessary to
support life and the transformation of
quintessence into a negative-pressure
component were triggered by the onset
of matter domination.

Looking to the Future

In the short term, the focus of cosmol-
ogists will be to detect the existence of

quintessence. It has observable conse-
quences. Because its value of w differs
from that of vacuum energy, it produces
a different rate of cosmic acceleration.
More precise measurements of super-
novae over a longer span of distances
may separate the two cases. Astronomers
have proposed two new observatories—
the orbiting Supernova Acceleration
Probe and the Earth-based Large-Aper-
ture Synoptic Survey Telescope—to re-
solve the issue. Differences in accelera-
tion rate also produce small differences
in the angular size of hot and cold spots
in the cosmic microwave background
radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be
able to detect.

Other tests measure how the number
of galaxies varies with increasing red-
shift to infer how the expansion rate of
the universe has changed with time. A
ground-based project known as the
Deep Extragalactic Evolutionary Probe
will look for this effect.

Over the longer term, all of us will be
left to ponder the profound implications
of these revolutionary discoveries. They
lead to a sobering new interpretation of
our place in cosmic history. In the begin-
ning (or at least the earliest for which we
have any clue), there was inflation, an
extended period of accelerated expan-
sion during the first instants after the big
bang. Space back then was nearly de-
void of matter, and a quintessencelike
quantum field with negative pressure
held sway. During that period, the uni-
verse expanded by a greater factor than
it has during the 15 billion years since in-
flation ended. At the end of inflation, the
field decayed to a hot gas of quarks, glu-
ons, electrons, light and dark energy.

For thousands of years, space was so
thick with radiation that atoms, let
alone larger structures, could never
form. Then matter took control. The
next stage—our epoch—has been one
of steady cooling, condensation and the
evolution of intricate structure of ever
increasing size. But this period is com-
ing to an end. Cosmic acceleration is
back. The universe as we know it, with
shining stars, galaxies and clusters, ap-
pears to have been a brief interlude. As
acceleration takes hold over the next
tens of billions of years, the matter and
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so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.
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transition from radiation domination
to matter domination.

According to the big bang theory, the
energy of the universe used to reside
mainly in radiation. As the universe
cooled, however, the radiation lost en-
ergy faster than ordinary matter did. By
the time the universe was a few tens of
thousands of years old—a relatively
short time ago in logarithmic terms—
the energy balance had shifted in favor
of matter. This change marked the be-
ginning of the matter-dominated epoch
of which we are the beneficiaries. Only
then could gravity begin to pull matter
together to form galaxies and larger-
scale structures. At the same time, the
expansion rate of the universe under-
went a change.

In a variation on the tracker models,
this transformation triggered a series of
events that led to cosmic acceleration
today. Throughout most of the history
of the universe, quintessence tracked
the radiation energy, remaining an in-
significant component of the cosmos.
But when the universe became matter-
dominated, the change in the expansion
rate jolted quintessence out of its copy-
cat behavior. Instead of tracking the ra-
diation or even the matter, the pressure
of quintessence switched to a negative

value. Its density held nearly fixed and
ultimately overtook the decreasing mat-
ter density. In this picture, the fact that
thinking beings and cosmic acceleration
came into existence at nearly the same
time is not a coincidence. Both the for-
mation of stars and planets necessary to
support life and the transformation of
quintessence into a negative-pressure
component were triggered by the onset
of matter domination.

Looking to the Future

In the short term, the focus of cosmol-
ogists will be to detect the existence of

quintessence. It has observable conse-
quences. Because its value of w differs
from that of vacuum energy, it produces
a different rate of cosmic acceleration.
More precise measurements of super-
novae over a longer span of distances
may separate the two cases. Astronomers
have proposed two new observatories—
the orbiting Supernova Acceleration
Probe and the Earth-based Large-Aper-
ture Synoptic Survey Telescope—to re-
solve the issue. Differences in accelera-
tion rate also produce small differences
in the angular size of hot and cold spots
in the cosmic microwave background
radiation, as the Microwave Anisotropy

Probe and Planck spacecraft should be
able to detect.

Other tests measure how the number
of galaxies varies with increasing red-
shift to infer how the expansion rate of
the universe has changed with time. A
ground-based project known as the
Deep Extragalactic Evolutionary Probe
will look for this effect.

Over the longer term, all of us will be
left to ponder the profound implications
of these revolutionary discoveries. They
lead to a sobering new interpretation of
our place in cosmic history. In the begin-
ning (or at least the earliest for which we
have any clue), there was inflation, an
extended period of accelerated expan-
sion during the first instants after the big
bang. Space back then was nearly de-
void of matter, and a quintessencelike
quantum field with negative pressure
held sway. During that period, the uni-
verse expanded by a greater factor than
it has during the 15 billion years since in-
flation ended. At the end of inflation, the
field decayed to a hot gas of quarks, glu-
ons, electrons, light and dark energy.

For thousands of years, space was so
thick with radiation that atoms, let
alone larger structures, could never
form. Then matter took control. The
next stage—our epoch—has been one
of steady cooling, condensation and the
evolution of intricate structure of ever
increasing size. But this period is com-
ing to an end. Cosmic acceleration is
back. The universe as we know it, with
shining stars, galaxies and clusters, ap-
pears to have been a brief interlude. As
acceleration takes hold over the next
tens of billions of years, the matter and
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If dark energy consists of the cosmological constant, the energy density must be fine-tuned

so that it overtakes the matter density in recent history (left). For the type of quintessence

known as a tracker field (right), any initial density value (dashed line) converges to a com-

mon track (blue line) that runs in lockstep with the radiation density until the matter densi-

ty overtakes it. This causes the tracker density to freeze and to trigger cosmic acceleration.
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